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Abstract 

Background: Both kB kinase (IKK) complex and oncgenic protein Myc play important roles in cancer progression, 
including cancer cell invasiveness and metastasis. The levels of Myc is regulated by the phosphorylation of Myc at 
Thr58 and Ser62. 

Results: In this study, we show that the expression of Myc is associated with IKKa and IKKp in breast cancers and 
that Myc is an IKKs substrate. Suppression of IKK activity by either chemical inhibitor or transfection of kinase-dead 
mutants decreases the phosphorylation of Myc at Ser62 and enhances the degradation of Myc. Consequently, 
these treatments decrease the tumorigenic and invasive ability of breast cancer cells. Furthermore, doxorubicin, a 
frequently used anticancer drug in breast cancer, activates IKKs and Myc, thereby increasing invasiveness and 
tumorigenesis of breast carcinoma MCF7 cells. Inhibition of IKKs prevents these doxorubicin-induced effects. 

Conclusions: Our study indicates that IKKs tightly regulate Myc expression through prolonging protein stability, 
and suggests that IKKs are potentially therapeutic targets and that suppression of IKKs may be used following 
chemotherapy to reduce the risk of treatment-induced tumor progression. 



Background 

The IKK complex is composed of two kinase catalytic 
subunits IKKa and IKKp and a non-kinase scaffold pro- 
tein IKKy [1-3]. The complex functions as an upstream 
kinase involved in the activation of nuclear factor kappa 
B(NF-/€B)by phosphorylation of the NF-^B inhibitory 
molecule, I^^Ba, resulting in the subsequent degradation 
of I^^Ba through the ubiqutin/proteasome pathway. The 
released NF-^B translocates into the nucleus and then 
regulates the expression of multiple genes [1,4,5]. 
Numerous reports have indicated that the functions of 
IKKs are necessary for cancer cell survival and progres- 
sion [3,6-8]. 

Most studies regarding IKKs are actually focused on 
their downstream molecule, NF-a^B, and the thinking 
that IKKs might be therapeutic targets is trying to indir- 
ectly suppress NF-^B activation [1,9]. However, accumu- 
lating evidence has indicated that IKKs have NF-At:B- 
independent effects on multiple proteins [1,10]. For 
example, IKKp phosphorylates tumor suppressor 
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F0X03a, and consequently induces F0X03a nuclear 
exclusion and degradation, thereby promoting tumor 
survival [11]. Interesting, IKKa and IKKp may have 
opposite effect on certain proteins. For example, IKKa 
increases but IKKp decreases the transcriptional activity 
and protein level of P-catenin [12,13]. The biological 
significance of IKKs is getting complicated and requires 
further characterization. The identification of new sub- 
strates of IKKs is important for the understanding of 
IKKs functions in cancer biology. 

The oncogenic Myc protein is a transcription factor 
that regulates a wide spectrum of downstream genes 
involved in cancer cell metabolism, growth, and progres- 
sion [14-17], and it is well documented that Myc plays 
an important role in breast cancer metastasis [17-19]. 
Abnormal expression of Myc is frequently associated 
with cancer progression [20-23]. Several transcription 
factors, including NF-^B, E2F, STAT, and P-catenin, are 
involved in the regulation of Myc expression [24,25]. 
Inhibition of these transcription factors suppresses can- 
cer cell survival in part by decreasing Myc expression. 

The Myc protein level is further regulated by control 
of protein stability, which is determined by a compli- 
cated protein kinase/phosphatase system. 
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Phosphorylation of Myc at Ser62 increases protein stabi- 
lity. The kinases ERK (extracellular signal-regulated 
kinase), JNK (c-Jun N- terminal kinase) and cdkl (cyclin- 
dependent kinase 1) have been identified to phosphory- 
late Myc at Ser62 [16,26,27]. The Ser62 phosphorylated 
Myc is further phosphorylated at Thr58 by glycogen 
synthase kinase Sp. The Thr58/Ser62 dual phosphory- 
lated Myc is acted on by protein phosphatase 2A 
[PP2A] to dephosphorylate Ser62. Then, monopho- 
sphorylated Myc (at Thr58) is degraded by ubiquitin/ 
proteosome system. A cellular PP2A inhibitor cip2A 
which is overexpressed in several cancers has been 
shown to increase Myc levels via suppression of PP2A 
activity [16,28,29]. Given the fact that numerous intra- 
and extra- cellular stimuli regulate the activation of Myc, 
it is expected that other unidentified kinases may be 
also involved. 

In this study, we investigated the association of Myc 
and IKK/NF-A^B in breast cancer. Interestingly, IHC 
staining of breast cancer specimens showed that the 
expression of Myc was closely associated with that of 
IKKs but not with NF-^B p65. We demonstrated that 
IKKa and IKKp increased Myc protein levels by 
prolonging protein stability, and this consequently pro- 
moted the tumorigenic and invasive activity of breast 
cancer cells. Our results also indicated that IKKa but 
not IKKp directly interacted with Myc. In addition, we 
showed that a conventional anti-cancer drug, doxorubi- 
cin, activated the IKKs-Myc pathway which might 
enhance tumor progression. Together, our study indi- 
cated that suppression of IKKa and IKKP may decrease 
basal and stress-induced Myc protein levels. The latter 
suggested that inhibition of IKKs may be used to block 
treatment-induced tumor progression. 

Materials and methods 

Patients 

The specimens were acquired between 2009 and 2010 
from patients with infiltrating ductal carcinoma of the 
breast, prior to chemotherapy without adjuvant, and 
were kindly provided by the Department of Pathology, 
National Taiwan University Hospital, on the basis of 
their availability. Use of these tissue materials followed 
the regulations of the research ethics committee of the 
National Taiwan University Hospital. 

Immunohistochemical study (IHC) 

The tumor tissue embedded in paraffin was cut in 5-(iM 
section, and then de-paraffinized in xylene and rehy- 
drated. For antigen-retrieval, the sections were incubated 
with 10 mM sodium citrate buffer (pH 6.0) in a boiling 
water bath for 15 minutes. The slides were then incu- 
bated with 3% H2O2 in methanol to block endogenous 
peroxidase activity. IHC staining was performed using a 



streptavidin-biotin-peroxidase kit(Vectastain Universal 
Quick Kit; Vector Laboratories, Burlingame, CA, USA) 
according to the manufacturer's instructions. DAB/chro- 
mogen system (Dako Northern America, Inc.)was used 
to develop the image. The antibodies, including anti- 
IKKa (sc-7183), anti-IKKp (sc-7329), anti-NF-^B p65 
(sc-372) and anti-Myc (sc-40), were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA) and 
were used at a 1:50 dilution. The staining was judged 
and counted by a researcher who was blinded regarding 
the corresponding patient. 

Cells and reagents 

Breast cancer cell line MCF7 was purchased from the 
American Type Culture Collection. The cells were cul- 
tured in Dulbecco's Modified Eagle Medium supplemen- 
ted with 10% FCS and incubated in 37°C with 5% CO2. 
All chemicals and reagents used were purchased from 
Calbiochem or Sigma- Aldrich. 

Plasmid and transfection 

The IKKa and IKKp (both wild-type and kinase-dead 
mutant) expression vectors were kindly provided by Pro- 
fessor WC Greene (Gladstone Institute of Virology and 
Immunology, University of California, San Francisco), 
and were used to transfect MCF7 cells using Lipofecta- 
mine 2000 (Invitrogen, Carlsbad, CA, USA). The trans- 
fected cells were selected and maintained with complete 
medium containing 500 (ig/ml G418. 

Coimmunoprecipitation and Western blot analysis 

Whole cell lysates were prepared in RIPA solution con- 
taining a cocktail of protease and phosphatase inhibitors, 
or the cells were fractionated into cytoplasmic and 
nuclear fractions. For cellular fractionation, the cells were 
harvested and resuspended in hypotonic solution (Buffer 
1; 1 mM KCl, 0.2 mM MgCl2, 4 mM Tris, pH7.6, con- 
taining a cocktail of protease inhibitors) for 20 minutes 
on ice. The cells were then lysed by adding lysis buffer 
(Buffer 1 containing 1% Triton X-100) and vigorously 
vortexed for 20 seconds, and then centrifuged at 1500 
rpm for 5 minutes. The supernatant was collected as 
cytoplasmic fraction, and the pellet was washed once 
with PBS buffer and then lysed by RIPA buffer as nuclear 
fraction. After determination of protein concentration of 
each lysates, the aliquots (15 (ig) were subjected to Wes- 
tern blot analysis. For coimmunoprecipitation, target 
proteins were immunoprecipitated from whole cell 
lysates (500 (ig) by adding 2 [ig antibody at 4°C overnight 
followed by protein A/G agarose adsorption(Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). The complex was 
washed once with RIPA buffer containing 500 mM NaCl, 
once with RIPA buffer containing 250 mM NaCl, and 
two times with RIPA buffer. The washed complex was 
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then resolved in SDS-sample buffer and was subjected to 
Western blot analysis. The antibodies used were as fol- 
lows: anti-NF-^B p65, anti- NF-^B p50, anti-pMyc, anti- 
Max, and anti-twist antibodies from Santa Cruz Biotech- 
nology; anti-IKKa, anti-IKKp, anti-Myc, and anti-cyclin 
Dl antibodies from Cell Signaling; anti-pS62 Myc anti- 
body from Abnova (Taipei City, Taiwan); and anti-pT58 
Myc antibody from Abgent(San Diego, CA, USA). 

Confocal microscopy observation 

Breast cancer tissue slides previously identified as posi- 
tive or negative staining by IHC analysis were used for 
confocal microscopy observation. The process for de- 
paraffin and antigen retrieval was as in the IHC staining 
protocol. The slides were dual-stained using rabbit anti- 
IKKa and mouse anti-Myc antibodies coupled with 
FITC-conjugated goat anti-rabbit IgG and rodamine- 
conjugated donkey anti-mouse IgG antibodies, or goat 
anti-IKKp and mouse anti-Myc antibodies coupled with 
FITC-conjugated donkey anti-goat IgG and rodamine- 
conjugated donkey anti-mouse IgG antibodies. The 
images were captured using a confocal microscope (TCS 
SP2; Leica, Wetzlar, Germany) at the confocal micro- 
scopy core-facilities of the National Taiwan University 
Hospital. 

Quantitative RT-PCR 

RNA was extracted using Trizol reagent (Invitrogen). 
cDNAs were synthesized by a reverse transcription reac- 
tion. The expression of gene was quantified using SYBR 
Green PCR Master Mix on an ABI PRISM 7900 system 
(Applied Biosystems). The primers used were 5'- 
TCGACTACGACTCGGTGCAG (forward), 5'-TGG 
GCAGCAGCTCGAATTTC (reverse) for Myc; and 5'- 
TCGGAGTCAACGGATTTGG(forward), 5'-GAAT 
TTGCCATGGGTGGAAT (reverse) for GAPDH. The 
expression level of GAPDH was used a control. The 
PCR reaction was performed with the following pro- 
gram: 95°C for 10 minutes, and then 40 cycles of 95°C 
for 15 seconds and 60°C for 1 minute. The relative 
expression level of the target gene was calculated using 
the ACt (threshold cycle) method: relative expression = 
2'^^^ where ACt = Ct (target gene) - Ct (control gene). 

Determination of RNA and protein stability 

To determine the stability of mRNA, the cells were trea- 
ted with 5 (ig/ml actinomycin D to block new mRNA 
synthesis. Total RNAs were extracted at different time 
point after treatment. Random-primed reverse tran- 
scribed cDNA was subjected to qPCR analysis to deter- 
mine the relative expression levels of the Myc and 
GAPDH genes. For protein stability analysis, the cells 
were treated with 10 \iM cycloheximide, and then whole 
cell lysates were prepared after different durations. The 



lysates (15 (ig) were then subjected to Western blot ana- 
lysis to identify the Myc and tubulin proteins. Protein 
levels were quantified using VisionWorksLS version 7.0 
software (UVP, Upland, CA, USA). 

Assay of growth rate and colony formation in soft agar 

For proliferation assay, the cells (2000 cells/well) were 
seeded into 96-well culture plate. The cell number was 
evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- 
tetrazolium bromide (MTT)-based semi-automated col- 
orimetric assay. For soft agar colony-forming assay, 
20000 cells in complete medium containing 0.3% Bacto- 
agar were overlaid on 1% agar-complete medium in 60 
mm culture dish for two weeks. The colony number 
was counted under phase contrast microscopy at 4X 
magnification. 

Invasion assay 

An in vitro invasion assay was performed by analyzing 
the ability of tumor cells to penetrate through Matrigel 
(BD Biosciences). The cells (2 x 10^^ were seeded into 
the chamber of a 24 trans-well plate preloaded with 0.1 
ml Matrigel for 16 hours. The penetrated cells were 
fixed with methanol, stained with Giemsa solution, 
photographed, and counted. 

Statistical analysis 

The association of IKKa, IKKp, NF-a^B p65 and Myc 
expression in a total of 21 breast cancer specimens was 
analyzed with Fisher exact test (SPSS software for Win- 
dows 11.0, SPSS, Inc., Chicago, IL). A probability of 
error <5% was regarded as significant. 

Results 

The expression of Myc is associated with IKKs but not 
with NF-/^B in breast cancer 

To identify whether the expression of Myc was asso- 
ciated with IKKs/NF-^B expressions in vivo, IHC stain- 
ing was used to identify the expression of IKKa, IKKp, 
Myc and NF-^B p65 in a total of 21 breast cancer spe- 
cimens. The staining of more than 50% of the cells in 
a single field of view and at least 5 fields in a specimen 
were designated as positive [Figure 1]. The ratio of 
positive staining was 67% (14/21) for IKKa, 57% (12/ 
21) for IKKp, 67% (14/21) for NF-^B p65, and 62% 
(13/21) for Myc. When the expression of Myc was 
assessed based on nuclear staining, the ratio was 48% 
(10/21), similar to the result of a previous study [30]. 
Statistical analysis showed that Myc expression was 
correlated with IKKa and IKKp expression, whereas it 
had no correlation with the expression of NF-/<cB p65 
(Figure 1). This result suggested that IKKs might regu- 
late Myc expression through an NF-^B-independent 
pathway. 
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Figure 1 Myc expression level is associated with IKKa and IKKp but not NF-a^B. IHC staining was used to identify tine expression of IKKa, 
IKKp, NF-AcB p65 and Myc in breast cancer specimens (upper panel). Representative pictures of positive and negative staining are shown. Statistic 
analysis shows a positive association among IKKa and/or IKKp and Myc expression in 21 breast cancer specimens (lower panel). 
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Suppression of IKK activity decreases Myc protein levels 
in MCF7 cells 

To explore the effects of the IKKs on Myc expression, 
an IKK inhibitor Bayll-7082 [31,32] was used to treat 
breast carcinoma MCF7 cells. Bayll-0782 blocked 
TNFa-induced NF-^B p65 nuclear translocation (Figure 
2A), whereas it did not alter the basal level of cytoplas- 
mic or nuclear NF-^cB p65 or p50, suggesting that 
Bayl 1-7082 did not influence basal activity of NF-^B. 
Bayl 1-7082 markedly decreased the level of phosphory- 
lated and total Myc protein. The Myc-binding partner. 
Max, was not affected by Bayl 1-7082 (Figure 2B). 

To distinguish the role of IKKa and IKKp in the regu- 
lation of Myc expression, MCF7 cells were transfected 
with IKKa or IKKp [either wild-type or kinase-dead 
mutant] expression vectors (Figure 2C). Wild-type IKKa 
or IKKp increased Myc protein levels, on the other 
hand, kinase-dead IKKa or IKKp decreased Myc expres- 
sion. Further, Western blot analysis showed that while 
the phosphorylation of Myc at Ser62 was increased in 
wild-type IKKa- and IKKp -transfected cells and 
decreased in kinase-dead mutant transfected cells, the 
phosphorylation of Myc at Thr58 was not affected in 
any of the transfected or control cells. The expression of 
Max was not changed by the manipulation of IKKs 



(Figure 2D). Furthermore, we observed a reciprocal 
upregulation of IKKa and IKKp (Figure 2D). 

Suppression of either IKKa or IKKp slows the degradation 
rate of Myc mRNA 

To identify whether IKKa or IKKp could increase the 
transcription of Myc mRNA, qPCR was used to deter- 
mine the relative levels of Myc mRNA in Bayl 1-7082 
treated MCF7 cells and IKK-transfected cells (Figure 
3A). Overexpression of either wild-type IKKa or IKKp 
slightly increased the level of Myc mRNA. The induc- 
tion level was less than two-fold of the control which is 
the cut-point of most gene array analyses. Interestingly, 
while Bayl 1-7082 only marginally reduced Myc mRNA 
levels, a small increase of Myc mRNA (less than 1.5-fold 
of control levels) was observed in both kinase-dead 
IKKa- and IKKp -transfected cells. These results sug- 
gested that IKKs could increase Myc protein levels in a 
transcription-independent manner. 

To explore the mechanism which directs the increase 
of Myc mRNA in kinase-dead IKKa- and IKKp -trans- 
fected cells, we hypothesized that the degradation rate 
of Myc mRNA might be prolonged in response to the 
decreased Myc protein levels. We used actinomycin D 
to block new mRNA synthesis and then determined the 
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Figure 2 IKKa and IKKp increase Myc protein level. (A). MCF7 cells were treated with 10 |jM Bayl 1-0782 for 12 hours and then were further 
treated with 20 ng/ml TNF-a for 30 minutes. The cytoplasmic and nuclear extracts were subjected to Western blot analysis of NF-a^B p65 
subcellular distribution. Stains of tubulin were used to represent the clearance of cellular fractionation and stains of actin were used as loading 
control. (B). MCF7 cells were treated with 10 |jM Bayl 1-0782 for 12 hours, and then the whole cell lysates, the cytoplasmic and nuclear extracts 
were prepared. Equal amount of proteins (15 |jg/lane) were subjected to Western blotting analysis. (C). MCF7 cells were transfected with IKKa 
and IKK(3 (both wild-type and kinase-dead mutant). The transfected cells were analyzed by Western blotting of IKKa and IKK(3.(D). The whole cell 
lysates prepared from indicated cells were subjected to Western blot analysis. 



degradation rate of the Myc mRNA by qPCR. The decay 
of Myc mRNA was at a comparable rate among Bayll- 
7082 treated MCF7 cells and wild-type IKKa- and 
IKKp -transfected cells, whereas a prolonged degradation 
rate was observed in kinase-dead IKKa- and IKKP- 
transfected cells (Figure 3B, C and 3D). 

IKKs increase Myc protein stability 

Next, we determined the degradation rate of the Myc 
protein in Bayl 1-0782 treated MCF7 cells and in IKK- 
transfected cells by Western blot analysis along a time 
course after adding a protein synthesis inhibitor, cyclo- 
heximide. Bayl 1-7082 induced a more rapid degradation 
rate of Myc protein (Figure 4A). Wild-type IKKa or 
IKKp increased the stability of Myc protein. On the 
other hand, kinase-dead IKKa or IKKp enhanced Myc 
protein degradation (Figure 4B and 4C). 



IKKa directly interacts with the Myc protein 

Next, we used reciprocal coimmunoprecipitation fol- 
lowed by Western blot analysis to identify potential 
interactions between IKKs and Myc. The result showed 
that IKKa coimmunoprecitated with Myc, indicating a 
direct interaction between IKKa and Myc. However, the 
interaction between IKKp and Myc was barely detect- 
able (Figure 4D). The interaction between IKKa and 
Myc was not affected by loss of IKKa activity (Figure 
4E), or by the presence of overexpressed wild-type or 
kinase-dead IKKp (Figure 4F). This finding was further 
supported by confocal microscopy observation. The spe- 
cimens from a patient with breast cancer, which stained 
positive for IKKa, IKKp and Myc, were dual-stained for 
IKKa/Myc or IKKp /Myc. It was observed that IKKa 
colocalized with Myc, whereas IKKp and Myc was not 
found to be significantly colocalized (Figure 4G). 
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Figure 3 IKKa and IKKp increase Myc in a transcription-independent manner. (A) MCF7 cells were treated with 10 |jM Bayl 1-0782 for 12 
hours. The RNA was extracted from indicated cells and random-primed reverse transcribed into cDNA. The relative expression of Myc was 
determined by qPCR. The expression of GAPDH was used as an internal control. The specificity of the primer set for Myc and GAPDH was 
demonstrated by agarose electrophoresis of PGR product (inserted figure) and by analysis of dissociation curve (data not shown). Each data 
represents mean ± SD calculated from two independent experiments. To determine the degradation rate of Myc mRNA, the cDNAs were 
prepared from (B) MCF7 cells were treated with 10 pM Bayl 1-0782 for 12 hours, (G) MGF7, wild-type IKKa and IKK|3 transfected cells, and (D) 
MGF7, kinase-dead IKKa and IKKp transfected cells. The relative level of Myc mRNA was determined by qPGR and expressed along a time course 
after adding actinimycin D. Each data represents mean ± SD calculated from two independent experiments. 



IKKs promote anchorage-independent growth and 
invasiveness of MCF? cells 

We next characterized the biological functions of IKKs 
by analyzing IKK-transfected cells. Cells overexpressing 
either wild-type or kinase-dead IKKa or IKKp showed 
comparable growth rates (Figure 5A). However, wild- 
type IKKa and IKKp increased cell growth in soft-agar, 
a well-defined character of tumorigenesis, and kinase- 
dead IKKa and IKKp suppressed this ability of the cells 
(Figure 5B). Next, we assayed the ability of IKK-overex- 
pressing cells to pass through matrigel, a well-estab- 
lished method to determine the invasive activity of 
cancer cells. Wild-type IKKa or IKKp overexpressing 
cells showed a higher invasive ability than parental 
MCF7 cells; by contrast, the invasive ability was 



decreased in kinase-dead IKKa or IKKp -transfected cells 
(Figure 5C). Because cyclin Dl and Twist are two 
important down-stream effectors of Myc and their bio- 
logical functions are associated with the invasive/tumori- 
genic ability of cancer cells [20,33,34], cyclin Dl and 
Twist protein levels were determined by Western blot 
analysis. Consistently, the levels of these two proteins 
were increased in wild-type IKKa- or IKKp- transfected 
cells and decreased in kinase-dead IKKa-or IKKp- 
transfected cells (Figure 5D). 

IKKs/Myc is a stress-inducible signaling pathway 

Because IKKs play an important role in tumor cells 
response to various stresses, it was of interest to ask 
whether common chemotherapeutic agents for breast 



Yeh et al. Molecular Cancer 201 1, 10:53 
http://www.molecular-cancer.eom/content/1 0/1 /53 



Page 7 of 1 2 



B 



15 30 60 120 



15 30 60 120 ir 



0 15 30 60 120 



15 30 60 120 m 



IKKP WT 
i 30 60 120 



Tubulin 



Tubulin 



IKKp KD 
15 30 60 120 min 
» - - — • - . jyjyc 

Tubulin 




D 



E 



IP: IKKa IKK(3 


Myc IgG IB 




m * 


*^ IKKa 






IKKp 






Myc 




MCF/IKKa WT 


MCF/IKKa KD 




IP: IKKa Myc IgG 


IKKa Myc IgG 


IB 


P 




IKKa 






Myc 


MCF/IKKP WT 


MCF/IKKp KD 





IP: IKKa Myc IgG iKKa Myc IgG IB 
9^ 4iW fM mm IKKa 

»v>«» Myc 




Figure 4 IKKa and IKKp increase Myc protein stability. The stability of Myc protein was analyzed by Western blot analysis of the whole cell 
lysates prepared from (A) MCF7 with or without a 12 hours, 10 |jM Bayl 1-0782 treatment (B) wild-type and kinase-dead IKKa transfected cells 
(C) wild-type and kinase-dead IKK(3 transfected cells along a time course after adding cycloheximide. The stain of tubulin was used as loading 
control. The reading of Myc density was normalized to the reading of tubulin density. Each data represents mean ± SD calculated from two 
independent experiments. Whole cell lysates were prepared from (D) MCF7 cells, (E) wild-type and kinase-dead IKKa transfected cells, and (F) 
wild-type and kinase-dead IKK(3 transfected cells were subjected to coimmuoprecipitation using indicated antibodies. The precipitated complex 
was further Western blot analyzed the corresponding proteins shown in the figure. (G) Confocal microscopy observation. Breast cancer tissues 
which were previously identified positive or negative for IKKa, IKK(3 and Myc expressions by IHC staining were used. The slides were dual stained 
with rabbit anti-IKKa/mouse anti-Myc antibodies coupled with FITC-conjugated goat anti-rabbit IgG/Rodamine-conjugated donkey anti-mouse 
IgG antibodies or goat anti-IKK(3/mouse anti-Myc antibodies coupled with FITC-conjugated donkey anti-goat IgG/Rodamine-conjugated donkey 
anti-mouse IgG antibodies, respectively. 
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Figure 5 IKKa and IKKp increase tumorigenesis and invasiveness of IVICF7 cells. (A) assay was used to analyze the growth rate of 
indicated cells. Each data represents mean ± SD calculated from three independent experiments, and there are four wells for each point in a 
single experiment. (B) Assay of colony-forming ability in soft-agar. Each experiment have three 60 mm dishes and each data represents mean ± 
SD calculated from two independent experiments. (C) Assay of invasive ability of indicated cells. Each experiment have three trans-wells and 
each data represents mean ± SD calculated from two independent experiments. (D) Western blot analysis of the expression of cyclin Dl and 
twist protein in the indicated cells. 



cancer treatment could induce IKK and Myc activation. 
We used doxorubicin (200 nM; IC50 for MCF7 cells) 
alone or combined with Bayl 1-0782 to treat MCF7 
cells. Cells were exposed to doxorubicin with or without 
Bayl 1-0782 for either 24-hour or for 3-hour followed by 
a 24-hour release in the presence or absence of Bayll- 
0782. Doxorubicin induced IKKs activation, with induc- 
tion levels highest in cells released from a 3-houre dox- 
orubicin treatment. When Bayl 1-0782 was re-added to 
the cells released from a 3-hour treatment with doxoru- 
bicin with or without Bayl 1-0782, decreased levels of 
doxorubicin-induced IKKs activation were observed. 
IKK activity returned to control levels after a 24-hour 
Bayl 1-0782 treatment. (Figure 6A). Consequently, the 
phosphorylation of Myc at Ser 62 was increased by dox- 
orubicin, and the highest level of induction was achieved 
in cells released from a 3-hour doxorubicin treatment 
with or without Bayl 1-0782 cotreatment. Re-addition of 
Bayl 1-0782 blocked this induction. The phosphorylation 
of Myc at Thr58 remained at a relatively constant level 
following all treatments. The level of Myc protein was 
changed with a consistent pattern as the status of phos- 
phorylated Myc Ser62. Cyclin Dl and Twist levels were 
also altered in a similar manner (Figure 6A). In addition. 
Western blot analysis showed that NF-a^B was not 
affected by these treatments (Figure 6B). 



IKKs/Myc activated by doxorubicin promotes 
tumorigenesis and invasiveness of MCF? cells 

Because cyclin Dl and Twist proteins were increased in 
MCF7 cells following a 3-hour doxorubicin exposure, 
we characterized whether the tumorigenic and invasive 
ability of MCF7 cells was subsequently enhanced. 
Indeed, the cells released from a 3-hour doxorubicin 
treatment increased their ability to grow in soft-agar 
and to pass through matrigel. Co-treatment with Bayll- 
0782 partially suppressed these activities, and re-addi- 
tion of Bayl 1-0782 after released from doxorubicin 
markedly decreased these activities to lower than the 
levels of the untreated control (Figure 6C and 6D). 
These results were further supported by analyzing the 
effect of doxorubicin on IKK-transfected cells. Following 
the same treatments as above, the protein levels of Myc, 
cyclin Dl, and Twist were increased in wild-type IKKa- 
and IKKp-transfected cells (Figure 7 A and 7C), but were 
not changed in kinase-dead IKKa- and IKKp-transfected 
cells (Figure 7B and 7D). 

Discussion 

In this study, we explored the relationship between IKKs 
and Myc expression in breast cancers. IHC staining of 
breast cancer specimens indicated that the expression of 
Myc was associated with IKKa and IKKp, but was 
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Figure 6 IKKs-Myc pathway is inducible. (A) MCF7 cells were treated with 10 |jM Bayl 1-0782 alone, or 200 nM doxorubicin in the presence or 
absence of 10 |jM Bayl 1-0782 for 24 hours (Dox, Bay, and Bay/Dox), or 3-hr short-term pulse followed by 24 hours release in the presence or 
absence of Bayl 1-0782 (Dox3-R, Bay/Dox3-R, and Bay/Dox3-R/Bay). Whole cells lysates were subjected to Western blot analysis. (B) MCF7 cells 
were treated 200 nM doxorubicin with or without 10 |jM Bayl 1-0782 for 24 hours. The cytoplasmic and nuclear lysates were subjected to 
Western blotting. (C) MCF7 cells were treated with 200 nM doxorubicin in the presence or absence of 10 |jM Bayl 1-0782 for 3 hours. The cells 
were then seeded into soft-agar in complete medium with or without 10 pM Bayl 1-0782 for two weeks. Each experiment have three 60 mm 
dishes and each data represents mean ± SD calculated from two independent experiments. (D) MCF7 cells were treated as shown, and then the 
ability of cells to penetrate matrigel was determined. Each experiment have three trans-wells and each data represents mean ± SD calculated 
from two independent experiments. 



unrelated to that of NF-a^B. We demonstrated that IKKa 
and IKKp did not enhance Myc transcription but 
instead increased Myc protein stabiUty. Importantly, we 
also showed that the commonly used anticancer drug, 
doxorubicin, activated IKKs, and thereby increased Myc 
protein levels. Myc plays an important role in tumor 
progression and is associated with metastasis and a poor 
outcome of breast cancers [7,17,19]. However, there is 
still no reliable drug which can effectively target Myc. 
Our study indicates that one possible way to block Myc 
is by inhibition of IKKs. 



It is well known that IKKs trigger I^^Ba degradation 
and subsequent activation of NF-a^B [10]. However, our 
results showed that IKKa and IKKp regulated Myc 
expression levels without altering NF-a^B activation. NF- 
^B activation is tightly auto-regulated by inducing the 
expression of its natural inhibitor, I^Ba. For example, in 
response to TNFa stimulation, I^Ba is degraded during 
the first 15 minutes and quickly restored in one hour. 
Therefore, we hypothesized that transfection of wild- 
type IKKa and IKKp may have transiently activate NF- 
^B, but that the activity of NF-kB subsequently returned 
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Figure 7 IKK activity is necessary for doxorubicin to increase Myc, cyclin Dl and twist protein levels in MCF7 cells. The cells (A) MCF/ 
IKKa-W, (B) MCF/IKKa-KD, (C) MCF/IKK(3-W, and (D) MCF/IKK(3-KD were treated with 200 nM doxorubicin for Shours, and then were released 
with complete medium for further 24 hours. The cytoplasmic and nuclear extracts were subjected to Western blot analysis. 



to basal levels due to the balance between NF-^B and 

In this study, we showed that suppression of IKK 
activity by transfection of kinase-dead IKKa or IKKp 
decreased Myc protein levels, whereas slightly increased 
the Myc mRNA levels. Our results demonstrated that 
the change in Myc protein levels was not related to the 
transcription of Myc, consistent with a previous study 
performed in neuroblastoma [35]. Our study further 
demonstrated that the turn-over rate of the Myc mRNA 
was prolonged in kinase-dead IKKa- and IKKp-trans- 
fected cells. Interestingly, Bayl 1-0782 did not show this 
activity, suggesting that it may have other effect on 
mRNA stability. While the underlying mechanism 
remains unknown, our result may help explain the con- 
flicting results in analyzing the relative levels of mRNA 
and protein of certain genes. 

The stability of Myc is controlled by its phosphoryla- 
tion at Ser62 and Thr58 [16]. In this study, we showed 



that IKKa and IKKp increased Myc protein stability by 
regulating its phosphorylation status at Ser62. We 
further demonstrated that IKKa but not IKKP directly 
interacted with Myc. While the pathway connecting 
IKKp to Myc remains to be identified, our study demon- 
strated a reciprocal upregulation between IKKa and 
IKKp, indicating that IKKp may indirectly increase Myc 
through IKKa. However, it is of particular interest to 
determine whether IKKp may also affect Myc through 
regulation of related molecules, such as PP2A or cip2A. 

A comparable growth rate was observed among paren- 
tal MCF7 cells and IKKs-transfected cells. Because 
Bayl 1-0872 indeed decreased MCF cell growth [data 
not shown], it is likely that un-identified pathways 
which can compensate for Myc activity are developed 
during the selection of kinase-dead IKKa- and IKKp- 
transfected cells. In addition, our result indicated that 
the invasive ability induced by Myc could be separated 
from the growth potential of cancer cells and that Myc 
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activity was indispensable for the enhanced invasiveness. 
Our results are consistent with the data from a previous 
study using another breast cancer cell line MDA-MB 
231 [17]. 

Based on gene array analysis, Myc has been shown to 
regulate a set of gene signatures associated with metas- 
tasis and poor-outcome of breast cancers [17]. Abnor- 
mal expression of Myc promotes the epithelial to 
mesenchymal transition and metastasis [14,18,36]. In 
this study, we showed that Myc increased the tumori- 
genic and invasive ability of MCF7 cells. We also identi- 
fied that the levels of cyclin Dl and Twist were 
consistently altered along with the Myc protein level. It 
is reasonable to conclude that Myc enhances tumorigen- 
esis, at least in part, through the upregulation of cyclin 
Dl and Twist. However, overexpression of Myc in a 
non-invasive, transformed breast cell line [MCFIOA] 
does not promote its invasive ability, suggesting that 
Myc is a necessary but not sufficient factor for cancer 
cell invasiveness [22]. It is hypothesized that Myc should 
cooperate with other factors to enhance the invasive 
activity of the cells. In this study, Myc was increased 
downstream of IKKa and IKKp activation. Both IKKa 
and IKKp also regulate the expression of multiple genes 
that are involved in cancer cell progression and metasta- 
sis. Therefore, it is possible that a Myc-centered net- 
work cooperates and/or merges with an IKK-centered 
network to enhance the tumorigenic and invasive activ- 
ity of cancer cells. These complicated interactions 
should be further characterized through systemic genetic 
studies. 

In this study, we provided evidence that doxorubicin 
increased Myc protein levels probably through activat- 
ing IKKa and IKKp. The cells that were released from 
doxorubicin increased their invasive and tumorigenic 
activities, and suppression of IKK activation blocked 
these phenotypes. Myc regulates many downstream 
gene expressions which share a similarity between 
embryonic stem cells and cancer cells [37,38]. It is 
important to determine whether doxorubicin stimu- 
lates re-growth and progression of cancer cells in vivo. 
On the other hand, IKKs are major mediators linking 
inflammation and cancer progression [10,39]. We have 
not tested other stimulus, such as inflammation-related 
cytokines, that may have similar effects on the IKK/ 
Myc pathway; however, it is possible that the death of 
cancer cells caused by therapeutic treatment may trig- 
ger an inflammation response, which activates IKKs 
and Myc in the remaining cancer cells, and subse- 
quently stimulates cancer progression. In addition, 
IKKs and Myc are widely expressed in various cancers. 
For example, IKK and Myc have been separately 
reported to be necessary for hepatocellular carcinoma 
cell growth and invasiveness [2,8]; it is therefore likely 



that our finding may be applicable to other cancers. 
Taken together, our results suggested that IKKs/Myc 
might be important therapeutic targets for breast can- 
cer and provided a rationale for the use of IKK inhibi- 
tors following chemotherapy to suppress the 
treatment-enhanced tumor progression. 

Acknowledgements 

We thank Professor WC Greene for providing us wild-type and l<inase-dead 
IKKs expression vectors, JW Chen for help prepare tissue specimens, and the 
confocal microscope core-facilities at the National Taiwan University Hospital 
for microscopic observations. This study was supported by grants 99-231 4-B- 
002-032-MY3 from the National Science Council and DOH99-TD-C-1 1 1-001 
from the Department of Health, Taiwan, R.O.C. 

Author details 

^Department of Oncology, National Taiwan University Hospital, No. 7, 
Chung-Shan South Road, Taipei, 100, Taiwan. ^National Center of Excellence 
for Clinical Trial and Research, College of Medicine, National Taiwan 
University, Nol, Jen Al Road Sectionl, Taipei, 100, Taiwan. ^Department of 
Internal Medicine, National Taiwan University Hospital, No. 7, Chung-Shan 
South Road, Taipei, Taipei, 100, Taiwan. ^Graduate Institute of Oncology, 
College of Medicine, National Taiwan University, Nol, Jen Al Road Sectionl, 
Taipei, 100, Taiwan. 

Authors' contributions 

PY designed and carried out the cellular and molecular studies, and wrote 
the manuscript, YS carried out the clinical studies, DL carried out the gene 
expression studies, and AL organized and supervised the whole study. All 
authors read and approved the final manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 8 March 201 1 Accepted: 16 May 201 1 Published: 16 May 201 1 

References 

1. Lee DF, Hung MC: Advances in targeting IKK and IKK-related kinases for 
cancer therapy. Clin Cancer Res 2008, 14:5656-5662. 

2. Cairo S, Wang Y, de Reynies A, Duroure K, Dahan J, Redon MJ, Fabre M, 
McClelland M, Wang XW, Croce CM, Buendia MA: Stem cell-like micro-RNA 
signature driven by Myc in aggressive liver cancer. Proc Natl Acad Sci 
USA 2010, 107:20471-20476. 

3. Israe A: The IKK complex, a central regulator of NF-kB activation. Cold 
Spring Harb Perspect Biol 2010, 2:a000158. 

4. Perkins ND: Integrating cell-signalling pathways with NF-kB and IKK 
function. Nat Rev Mol Cell Biol 2007, 8:49-62. 

5. Hayden MS, Ghosh S: Shared principles in NF-kB signaling. Cell 2008, 
132:344-362. 

6. Huber MA, Azoitei N, Baumann B, Grunert S, Sommer A, Pehamberger H, 
Kraut N, Beug H, Wirth T: NF-kB is essential for epithelial-mesenchymal 
transition and metastasis in a model of breast cancer progression. J Clin 
Invest 2009, 114:569-581. 

7. Idris Al, Libouban H, Nyangoga H, Landao-Bassonga E, Chappard D, 
Ralston SH: Pharmacologic inhibitors of IkB kinase suppress growth and 
migration of mammary carcinosarcoma cells in vitro and prevent 
osteolytic bone metastasis in vivo. Mol Cancer Ther 2009, 8:2339-2347. 

8. Jiang R, Xia Y, Li J, Deng L, Zhao L, Shi J, Wang X, Sun B: High expression 
levels of IKKa and IKK(3 are necessary for the malignant properties of 
liver cancer. Int J Cancer 2010, 126:1263-1274. 

9. Kim HJ, Hawke N, Baldwin AS: NF-kB and IKK as therapeutic targets in 
cancer. Cell Death Differ 2006, 13:738-747. 

10. Chariot A: The NF-KB-independent functions of IKK subunits in immunity 
and cancer. Trends Cell Biol 2010, 19:404-413. 

11. Hu MC, Lee DF, Xia W, Golfman LS, Ou-Yang F, Yang JY, Zou Y Bao S, 
Hanada N, Saso H, Kobayashi R, Hung MC: IkB kinase promotes 
tumorigenesis through inhibition of forkhead F0X03a. Cell 2004, 
117:225-237. 



Yeh et al. Molecular Cancer 201 1, 10:53 
http://www.molecular-cancer.eom/content/10/1/53 



Page 12 of 12 



12. 



13. 



14. 



16. 



17. 



19. 



20. 
21. 



22. 



23. 



24. 



25. 
26. 



27. 



28. 



29. 



30. 



32. 



33. 



34. 



35. 



Lamberti C, Lin KM, Yamamoto Y, Verma U, Verma IM, Byers S, Gaynor RB: 
Regulation of (3-catenin function by the IkB kinases. J Biol Chem 2001, 
276:42276-42286. 

Carayol N, Wang CY: IKKa stabilizes cytosolic (3-catenin by inhibiting both 
canonical and non-canonical degradation pathways. Cell Signal 2006, 
18:1941-1946. 

Grandori C, Cowley SM, James LP, Eisenman RN: The Myc/Max/Mad 
network and the transcriptional control of cell behavior. Annu Rev Cell 
Dev Biol 2000, 16:653-699. 

David CJ, Chen M, Assanah M, Canoll P, Manley JL: HnRNP proteins 
controlled by c-Myc deregulate pyruvate kinase mRNA splicing in 
cancer. Nature 2010, 463:364-368. 

Gustafson WC, Weiss WA: Myc proteins as therapeutic targets. Oncogene 
2010, 29:1249-1259. 

Wolfer A, Wittner BS, Irimia D, Flavin RJ, Lupien M, Gunawardane RN, 
Meyer CA, Lightcap ES, Tamayo P, Mesirov JP, Liu XS, Shioda T, Toner M, 
Loda M, Brown M, Brugge JS, Ramaswamy S: MYC regulation of a "poor- 
prognosis" metastatic cancer cell state. Proc Natl Acad Sci USA 2010, 
107:3698-3703. 

Trimboli AJ, Fukino K, de Bruin A, Wei G, Shen L, Tanner SM, Creasap N, 
Rosol TJ, Robinson ML, Eng C, Ostrowski MC, Leone G: Direct evidence for 
epithelial-mesenchymal transitions in breast cancer. Cancer Res 2008, 
68:937-945. 

Xu J, Chen Y, Olopade 01: MYC and Breast Cancer. Genes Cancer 2010, 
1:629-640. 

Filers M, Eisenman RN: Myc's broad reach. Genes Dev 2008, 22:2755-2766. 
Meyer N, Penn LZ: Reflecting on 25 years with MYC. Nat Rev Cancer 2008, 
8:976-990. 

Adier AS, Lin M, Horlings H, Nuyten DSA, van de Vijver MJ, Chang HY: 
Genetic regulators of large-scale transcriptional signatures in cancer. Nat 

Genet 2006, 38:421-430. 

Podsypanina K, Du YC, Jechlinger M, Beverly LJ, Hambardzumyan D, 
Varmus H: Seeding and propagation of untransformed mouse mammary 
cells in the lung. Science 2008, 321:1841-1844. 

Wierstra I, Alves J: The c-myc promoter: still mystery and challenge. Adv 

Cancer Res 2008, 99:113-333. 

Levens D: You Don't Muck with MYC. Genes Cancer 2010, 1:547-554. 
Henriksson M, Bakardjiev A, Klein G, Luscher B: Phosphorylation sites 
mapping in the N-terminal domain of c-myc modulate its transforming 
potential. Oncogene 1993, 8:3199-3209. 

Lutterbach B, Hann SR: c-Myc transactivation domainassociated kinases: 
questionable role for map kinases in c-Myc phosphorylation. J Cell 
Biochem 1999, 72:483-491. 

Junttila MR, Puustinen P, Niemela M, Ahola R, Arnold H, Bottzauw T Ala- 
aho R, Nielsen C, Ivaska J, Taya Y, Lu SL, Lin S, Chan EK, Wang XJ, 
Grenman R, Kast J, Kallunki T, Sears R, Kahari VM, Westermarck J: CIP2A 
Inhibits PP2A in Human Malignancies. Cell 2007, 130:51-62. 
Khanna A, Bockelman C, Hemmes A, Junttila MR, Wiksten JP, Lundin M, 
Junnila S, Murphy DJ, Evan Gl, Haglund C, Westermarck J, Ristimaki A: MYC- 
dependent regulation and prognostic role of CIP2A in gastric cancer. J 
Natl Cancer Inst 2009, 101:793-805. 

Naidu R, Wahab NA, Yadav M, Kutty MK: Protein expression and molecular 
analysis of c-myc gene in primary breast carcinomas using 
immunohistochemistry and differential polymerase chain reaction. Int J 

Mol Med 2002, 9:189-196. 

Pierce JW, Schoenleber R, Jesmok G, Best J, Moore SA, Collins T, 
Gerritsen ME: Novel inhibitors of cytokine-induced IkBq phosphorylation 
and endothelial cell adhesion molecule expression show anti- 
inflammatory effects in vivo. J Biol Chem 1997, 272:21096-21 103. 
Garcia M, Alaniz L, Lopes E, Blanco G, Hajos S, Alvarez E: Inhibition of NF- 
kB activity by BAY 11-7082 increases apoptosis in multidrug resistant 
leukemic T-cell lines. Leuk Res 2005, 29:1425-1434. 
Puisieux A, Valsesia-Wittmann S, Ansieau S: A twist for survival and cancer 
progression. Brit J Cancer 2006, 94:13-17. 

Ansieau S, Morel AP, Hinkal G, Bastid J, Puisieux A: TWISTing an embryonic 
transcription factor into an oncoprotein. Oncogene 2010, 29:3173-3184. 
Otto T, Horn S, Brockmann M, Filers U, Schuttrumpf L, Popov N, 
Kenney AM, Schulte JH, Beijersbergen R, Christiansen H, Berwanger B, 
Filers M: Stabilization of N-Myc is a critical function of Aurora A in 
human neuroblastoma. Cancer Cell 2009, 15:67-78. 



36. 



37. 



38. 



39. 



Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ, Sodir NM, 
Karnezis AN, Swigart LB, Nasi S, Evan Gl: Modeling Myc inhibition as a 
cancer therapy. Nature 2008, 455:679-683. 

Wong DJ, Liu H, Ridky VN, Cassarino D, Segal F, Chang HY: Module map of 
stem cell genes guides creation of epithelial cancer stem cells. Cell Stem 
Cell 2008, 2:333-344. 

Kim J, Woo AJ, Chu J, Snow JW, Fujiwara Y, Kim CG, Cantor AB, Orkin SH: A 
Myc Network Accounts for Similarities between Embryonic Stem and 
Cancer Cell Transcription Programs. Cell 2010, 143:313-324. 
Iliopoulos D, Hirsch HA, Struhl K: An epigenetic switch involving NF-kB, 
Lin28, Let-7 microRNA, and IL6 links inflammation to cell transformation. 
Ce// 2009, 139:693-706. 



doi:1 0.1 1 86/1 476-4598-1 0-53 

Cite this article as: Yeh et al:. kB kinases increase Myc protein stability 
and enhance progression of breast cancer cells. Molecular Cancer 201 1 
10:53. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



